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EGF Receptor Signaling Regulates Pulses
of Cell Delamination from the Drosophila Ectoderm
rhythms and hormone pulses, both of which have peri-
ods measured in days (reviewed in Riddiford, 1993; Ash-
more and Sehgal, 2003). In contrast to vertebrate em-
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bryos, no rhythmic cell behaviors with periods spanningNational Institute for Medical Research
the minutes-to-hours timescale have yet been reportedThe Ridgeway
in Drosophila embryos.Mill Hill, London NW7 1AA
TheDrosophila EGF receptor (EGFR) is an ErbB familyUnited Kingdom
receptor tyrosine kinase that is required for the forma-2 Institut de Biologia Molecular de Barcelona (IBMB)
tion of numerous different cell types (reviewed in CasciCSIC
and Freeman, 1999; Rebay, 2002; Shilo, 2003). SignalParc Cientı´fic de Barcelona
transduction by the EGFR utilizes a Ras/MAPK cascadeC/ Josep Samitier 1-5
that phosphorylates the transcriptional activator Pointed08028 Barcelona
P2 (PntP2) and the transcriptional repressor Yan (alsoSpain
called Anterior Open). These modifications stimulate
PntP2 activation and downregulate nuclear Yan, thus
providing a dual mechanism for switching on the tran-Summary
scription of EGFR target genes (reviewed in Rebay,
2002). The most widespread activating ligand for theMany different intercellular signaling pathways are
EGFR is the TGF- family member Spitz (Spi), which isknown but, for most, it is unclear whether they can
transported and processed through the secretory path-generate oscillating cell behaviors. Here we use time-
way by Star and Rhomboid (Freeman, 1994; Tio et al.,lapse analysis of Drosophila embryogenesis to show
1994; Lee et al., 2001). Rhomboid-1 (Rho1) is a memberthat oenocytes delaminate from the ectoderm in dis-
of a large family of intramembrane proteases that acti-crete bursts of three. This pulsatile process has a 1
vates Spi and other TGF--like ligands (Wasserman ethour period, occurs without cell division, and requires
al., 2000; Urban et al., 2002). Although many EGFR path-a localized EGF receptor (EGFR) response. High-
way components are developmentally expressed in athreshold EGFR targets are sequentially activated in
widespread manner, Rhomboid-1 is transcribed in a pat-rings of three cells, prefiguring the temporal pattern of
tern prefiguring receptor activation and is sufficient todelamination. Surprisingly,widespreadmisexpression
activate the EGFR in many ectopic locations (reviewedof the relevant activating ligand, Spitz, is compatible
in Shilo, 2003). Fine-tuning of the EGFR response relieswith robust delamination pulses. Moreover, although
on multiple feedback loops (reviewed in Casci and Free-Spitz ligand becomes limiting after only two pulses,
man, 1999; Shilo, 2003). For example, the non-cell-artificially prolonging its secretion generates up to six
autonomous inhibitor Argos is induced at high levels ofadditional cycles, revealing a rhythmic underlying
EGFR activation and is thus preferentially secreted bymechanism. These findings illustrate how intercellular
cells closest to the source of activating ligand (Sapir etsignaling and cell movements can generate multiple
al., 1998; Wasserman and Freeman, 1998). Argos inhibitscycles of a cell behavior, despite individual cells expe-
signaling by reducing or blocking the ability of activatingriencing only one cycle of receptor activation.
ligands to stimulate the EGFR, and recent studies indi-
cate that it can directly bind and sequester Spi ligandIntroduction
(Klein et al., 2004). Argos thereby promotes stepwise
EGFR responses by tuning down intermediate and low
Animal cells undergo many types of oscillation with peri-
EGFR activation in cells distant from the activating
ods ranging from fractions of seconds to years (reviewed source, a process known as remote inhibition (Free-
in Goldbeter, 2002). With respect to development, the man, 1997).
best-characterized oscillator (other than the cell cycle) Although rhythms in Drosophila involving intercellular
is the vertebrate segmentation clock. This plays an im- signaling have yet to be clearly identified during em-
portant role in transducing embryonic time into a regu- bryogenesis, there are candidates for such processes
larly spaced anteroposterior sequence of somites (re- during later imaginal development. For example, it is
viewed in Pourquie, 2003). Wnt and Notch signaling drive known that multiple femoral chordotonal organs and eye
the clock to produce cyclic expression of several genes, photoreceptors are induced in a sequential manner that
including feedback inhibitors of both pathways. Each requires EGFR signaling. During femur development, up
cell within the chick presomitic mesoderm experiences to 80 chordotonal organ precursors are induced to de-
one intracellular oscillation every 90 min and, after 12 laminate from a single site. This occurs in a reiterative
cycles have been completed, somite formation is trig- manner whereby EGFR activation triggers Rhomboid-1
gered by a maturation “wavefront” involving Wnt and expression, thus converting receiving cells into signal-
FGF signaling. In the well-studied invertebrate model producing cells (zur Lage and Jarman, 1999). During eye
Drosophila, the only non-cell cycle examples of oscillat- development, the differentiation of at least nine distinct
ing gene expression thus far described involve circadian cell types is triggered in a stereotypical sequence by
reiterated EGFR use, likely to be driven by a progres-
sively expanding source of secreted Spitz (Tomlinson*Correspondence: agould@nimr.mrc.ac.uk
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and Ready, 1987; Freeman, 1996). In neither of the above delamination, oenocyte precursors do not (Elstob et al.,
contexts, however, has the sequence of ligand produc- 2001, and data not shown).
tion, receptor activation, and the relevant cellular output Given the observation that oenocyte precursors do
(delamination and/or differentiation) been characterized not divide and that there are six cells on average in each
in real time. In particular, it is not clear whether oscillat- mature oenocyte cluster, we were surprised to observe
ing gene expression is involved and whether cellular that anti-dpERK highlights a whorl of only three precur-
outputs are generated in a steady stream or with a pulsa- sors (1) surrounding C1 (Figure 1B). To resolve this
tile rhythm. apparent discrepancy, we filmed oenocyte induction
The induction of larval oenocytes in Drosophila has and delamination in living embryos expressing nuclear
recently been used as a simple model system for investi- GFP under engrailed-GAL4 (en-GAL4) control (Elstob et
gating the developmental regulation of EGFR signaling al., 2001). Four-dimensional confocal microscopy and
(Elstob et al., 2001; Gould et al., 2001; Rusten et al., cell tracking from stage 10 to stage 12 provided direct
2001; Brodu et al., 2002). Oenocytes are induced from evidence that all oenocytes within a cluster derive from
the dorsal ectoderm of abdominal segments by a fixed one whorl of approximately six sickle-shaped precur-
and highly restricted source of Spi. This triggers a local sors located within the dorsal part of the Engrailed (En)
EGFR response within a ring of overlying dorsal ectoder- stripe. The total time from early induction to completion
mal cells, termed a whorl, leading to the upregulation of delamination is approximately 130 min (all timings at
of numerous oenocyte-specification genes and subse- 21C), giving an average overall delamination rate of
quent cell delamination. Here, we make use of the simple 130/6  22 min per cell (Figure 1C; see Supplemental
cell geometry of the oenocyte whorl, together with time- Movie S1 at http://www.developmentalcell.com/cgi/
lapse microscopy, to explore the timing of Spi secretion, content/full/7/6/885/DC1/). All six cells within a single
EGFR-target activation, early cell induction, and later whorl adopt a sickle shape within 10 min of each other,
cell delamination. These studies reveal that oenocytes and at this early time, it is noticeable that they are tran-
delaminate in bursts of three and identify the cell-count- siently organized into two concentric rings of approxi-
ing mechanism as an EGFR-dependent pulse generator mately three cells each. At this stage, we term the inner
converting the time window of Spi secretion into final precursors ring-1 and the outer precursors ring-2. Al-
oenocyte number. To our knowledge, this represents though there is considerable whorl-to-whorl variability
the first example of a rhythmic cell behavior other than in delamination timings, real-time measurements (Figure
the cell cycle to be reported in the Drosophila embryo. 1D) indicate that the double-ring stage remains intact
for an average of 45 min (n  5). After this period, ring-1
Results precursors begin delaminating at intervals of about 7.5
min (n  15), such that all three complete the process
Oenocyte Precursors Delaminate within 15 min. There then follows a pause of approxi-
in Bursts of Three mately 45 min (n 5) before ring-2 cells start delaminat-
A single chordotonal organ precursor (called C1) and ing, and when they do so, they again complete the pro-
its progeny provide the source of secreted Spi relevant cess within 15 min (n  15). Consistent with this, graphs
for oenocyte induction (Elstob et al., 2001). At stage 10, of initial distance from the whorl center versus relative
C1 transiently expresses Atonal (Ato), which activates delamination time show a clear positive correlation with
Rhomboid-1 (Rho1) and leads to the secretion of Spi precursors falling into two discrete populations that are,
(Brodu et al., 2002). At this stage, however, no oenocyte on average, 4 m (one cell diameter) and 7 m (two cell
induction in the neighboring dorsal ectoderm is appar- diameters) from the whorl center (Figure 1E). Thus, real-
ent, and we observe only low levels of EGFR activation, time measurements reveal that oenocyte precursors are
as measured using an antibody to dpERK that detects organized into two discrete rings that delaminate one
activation of the ERK MAP-Kinase Rolled (Figures 1A
ring at a time with a significant pause between. This
and 1A). 1 hr later, at stage 11, C1 has become Ato
pulsatile mode of delamination, in two bursts of three
negative, but under the control of the Hox gene abdomi-
cells, accounts for the total number of six cells observednal-A, it maintains Rhomboid-1 expression and thus Spi
in the final oenocyte cluster.secretion (Brodu et al., 2002). At this later stage, dpERK
levels have increased and the first morphological signs
High-Threshold EGFR Targets Are Expressedof oenocyte induction are visible as a small group of
in a Ring-1 to Ring-2 Sequencesickle-shaped ectodermal cells encircling C1 (Figures
The observation that ring-1 delaminates 45 min earlier1B and 1B). This grouping of oenocyte precursors,
than ring-2 prompted us to look for molecular differ-termed a whorl, is strictly dependent on rhomboid-1 and
ences between rings. Whereas strong expression of Salspi function and expresses spalt (sal), seven-up (svp),
marks both rings throughout stage 11, a second zincand ventral veins lacking (vvl), three genes encoding
finger protein, Hindsight/Pebbled (Hnt; Yip et al., 1997),transcription factors required for the formation of normal
is specifically expressed in ring-2 at late stages, follow-oenocyte clusters (Elstob et al., 2001; Brodu et al., 2002,
ing ring-1 delamination (Figures 2A and 2B). The markerand references therein). Following induction, all precur-
svplacZ also distinguishes oenocyte precursors from sur-sors delaminate from the dorsal ectodermal whorl and
rounding ectoderm but it is only ever expressed in themigrate away in an anterior and ventral direction. At
inner ring, initially corresponding to ring-1 and then,their remote destination, they group together to form
following the first round of delamination, ring-2 (Figureone subepidermal cluster of oenocytes (Elstob et al.,
2C and data not shown). We next generated a lacZ2001; Gould et al., 2001). Importantly, although C1 di-
vides several times during the period of induction and reporter specifically labeling both ring-1 and ring-2 by
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making imprecise excisions of the original svplacZ en-
hancer trap. In this way, svplacZ18, a variant allele re-
taining the lacZ reporter but containing a deletion in the
svp locus, was obtained. The svplacZ18 deletion results
in lacZ expression in all sickle-shaped precursors (Fig-
ure 2D), and subsequent results suggest that this re-
flects increased sensitivity to EGFR signaling. Both the
svplacZ and svplacZ18 markers were then used to examine
the time course of Rolled/ERK activation in precursor
rings. During the 45 min double-ring stage, we find that
strong expression of activated Rolled is restricted to
ring-1 (Figure 2E). However, as ring-2 cells adopt a sickle
shape and express two oenocyte precursor markers
from an early stage, they probably initially express low
levels of dpERK antigen, falling beneath the antibody
detection threshold. Once ring-1 has delaminated, acti-
vated Rolled does become detectable in ring-2 during
the second 45 min pause phase, albeit never matching
the peak levels of ring-1 (Figure 2F). We conclude that
both precursor rings display an early and weak phase
of EGFR activation but that strong Rolled/ERK activation
occurs sequentially in a ring-1 to ring-2 manner. Consis-
tent with this sequential EGFR response upregulation,
Yan repressor is more strongly expressed at the double-
ring stage in ring-2 than ring-1 (Figure 2G).
We also examined the expression of the high-thresh-
old EGFR target argos (Sapir et al., 1998; Wasserman
and Freeman, 1998), which is required to prevent oeno-
cyte overproduction (Elstob et al., 2001). Again using
the svplacZ and svplacZ18 markers, we found that argos
mRNA is restricted to ring-1 during the double-ring
stage, but later on, it becomes expressed in ring-2 (Fig-
ures 2H and 2I). Thus, argos, svplacZ, detectable dpERK,
and strong Yan downregulation are all components of
the high-level EGFR response of the inner ring. Sal
upregulation and svplacZ18 expression, however, are acti-
vated at a lower EGFR response threshold and so mark
both precursor rings. In summary, when cells take up
the inner-ring position prior to their delamination, they
switch on several high-threshold EGFR targets, raising
the possibility that at least some of these targets might
underlie pulse generation.
Persistent Spi Secretion Produces
Supernumerary Delamination Cycles
To determine how the differential EGFR response be-
tween rings is generated and whether it influences
pulses, we manipulated several EGFR signaling parame-
ters, beginning with activating ligand. Movies were
made of en-GAL4 UAS-nlsGFP; UAS-rhomboid-1 em-
bryos, which express elevated and uniform levels of
Figure 1. Wild-Type Delamination Occurs in Two Discrete Bursts secreted Spi throughout the oenocyte precursor zone
Anterior is to the left, dorsal to the top and the C1 cell (asterisk)
and the tracheal placode/pit (tp) are marked in this and some subse-
quent figures.
(A and B) At stage 10, C1 is Ato positive but only weak dpERK (D) Time course of two-step delamination. The mean times (min at
expression is detected in surrounding ectoderm (A, schematized in 21C) at which precursors from a single ring-1 (red) or ring-2 (blue)
A). At early stage 11, C1 is Ato negative and surrounded by three delaminate are shown for five different whorls. Note that the first
sickle-shaped oenocyte precursors strongly expressing dpERK an- sickle-shape change occurs at t  0 and all remaining precursors
tigen (B, schematized in B). The dorsal ectoderm expresses low adopt a sickle shape within 10 min (6 min for the particular whorl
levels of the critical oenocyte prepattern gene Sal (pink, see text shown in [C]). Horizontal bars indicate 1 SD from the mean.
for details). (E) Plot of distance from the signaling center (m) versus relative
(C) 3D projections of snapshots from en-GAL4 UAS-nlsGFP movies. delamination time. Last precursor in each whorl segregates at 100%
Oenocyte precursors of ring-1 (red spots) and ring-2 (blue spots) and a large proportion of the scatter arises as data is combined
are highlighted in nine frames. from five independent clusters.
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(termed UAS-rho1 embryos; Supplemental Movie S2).
Such embryos also secrete Spi for an abnormally long
duration, from stage 9 to the end of embryogenesis, yet
oenocyte induction begins at the normal time (Brodu et
al., 2002). However, in contrast to wild-type, we now
find that oenocyte delamination in UAS-rho1 embryos
is prolonged throughout stage 12. Strikingly, the domain
of orthogonal overlap between En and the dorsal zone
of oenocyte competence defined by low-level EGFR-
independent Sal expression (Elstob et al., 2001) be-
comes converted from presumptive epidermis into oe-
nocytes (Figures 3A and 3B). Nevertheless, delamination
times of individual stage-11 precursors (n  11) reveal
that three-by-three pulses remain intact and a single
whorl is retained at the normal location (Figures 3C and
3D). Importantly, there is no significant difference with
wild-type in the duration of the pause between the de-
lamination of ring-1 and ring-2 in UAS-rho1 embryos
(compare Figures 1D and 3C). In addition, the average
time interval between successive delaminating cells
within ring-1 is 7.5 min (n  5), identical to the wild-type
value. In contrast to wild-type, however, cell tracking
reveals that pulses continue for at least three cycles
(Figure 3C). Surprisingly, these time-lapse measure-
ments indicate that persistent, widespread, and strong
expression of Rhomboid-1 does not block delamination
pulses, alter their quantal size, or significantly change
their speed. Instead, it produces additional cycles, even-
tually depleting the embryo of dorsal epidermis.
To investigate why pulses remain intact in UAS-rho1
embryos, we examined the expression of three generic
EGFR targets, activated Rolled/ERK, argos, and Yan.
In addition, we monitored two oenocyte-specific EGFR
targets, svplacZ (which is activated by the strong EGFR
response in the inner ring) and Sal (which is upregulated
in both rings). In UAS-rho1 embryos, activated Rolled
and argosmRNA were observed in most or all cells along
the dorsoventral extent of the En stripe (Supplemental
Figure S1B and Figures 3E and 3F). Nevertheless, as
detectable staining in both cases was patchy and ap-
peared to vary considerably from neighboring cell to
cell and from whorl to whorl, it was not possible to
resolve unambiguously whether expression fluctuates,
is consistently higher in the inner ring, or is equal in both
rings. In the case of Sal, however, upregulation is strictly
confined to the dorsal zone of oenocyte competence
(Figure 3G). svplacZ expression is even more restricted
than Sal, with the highest levels remaining largely con-
fined to the inner ring (Supplemental Figure S1B). Yan
Figure 2. Precursor Rings Sequentially Express High-Threshold
EGFR Targets
(A and B) At early stage 11, ring-1 and ring-2 express Sal but not
Hnt (A), but at late stage 11, Hnt is switched on in ring-2 (B).
(C and D) At late stage 11, svplacZ labels ring-2 (C) and at early stage
11, svplacZ18 labels ring-1 and ring-2 (D).
(E and F) At early stage 11, dpERK expression is stronger in ring-1
than in ring-2 (E) but at late stage 11, moderate levels of dpERK are
seen in ring-2 (F).
(G) At early stage 11, Yan is downregulated specifically in ring-1.
(H and I) At early stage 11, ring-1 and ring-2 (dotted) both label with
svplacZ18 but argos mRNA is confined to ring-1 (H). At late stage 11,
svplacZ18-positive ring-2 cells now express argos mRNA (I).
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expression also shows that inner ring cells express
some components of the EGFR response more strongly
than cells of the outer ring and dorsal part of the En
stripe (Figure 3H). This analysis in UAS-rho1 embryos
indicates that two generic markers of the EGFR re-
sponse, Rolled/ERK and argos, are widely activated but
that oenocyte-specific responses are dorsally re-
stricted. Within this territory, an outer-ring-like re-
sponse, marked by Sal upregulation, is widespread, but
the full inner-ring-like EGFR response, as marked by
svplacZ and Yan, remains largely restricted to its wild-
type location, correlating with the site of delamination
observed in UAS-rho1 movies.
We next counted oenocytes in UAS-rho1 versus wild-
type embryos at stage 16. The wild-type number of oe-
nocytes per cluster varies between 4 and 9 (n  103
clusters), approximating to a normal distribution with a
mean of 6 (Figure 3K). For UAS-rho1 embryos, however,
we observe that oenocyte counts (n  65) are spread
over a wider range than normal and show a multimodal
distribution. Intriguingly, the major frequency peaks are
at 12, 15, 18, and 21 oenocytes per cluster (Figure 3K).
A very similar multimodal graph with an interpeak spac-
ing of three is also generated by driving a constitutively
secreted form of Spitz (Schweitzer et al., 1995) with en-
GAL4 (Figure 3K). These results indicate that, although
oenocyte numbers in two Spi-oversecreting back-
grounds are highly variable, there is a strong tendency
toward multiples of three. Together with evidence pro-
vided later that these “static” peaks of three are lost
when three-by-three pulses are abolished, we deduce
that graphs of final oenocyte numbers provide a robust
surrogate marker for pulsatile delamination. Importantly,
the movies and static graphs also demonstrate that
widespread and prolonged Spitz secretion produces a
variable increase in the total number of cycles, up to a
maximum of 7–8. Moreover, as three-by-three frequency
peaks are also retained in a UAS-rho1 background
where C1 is deleted (ato1/Df(3R)p13; Brodu et al., 2002),
we rule out the possibility that pulses need C1-depen-
dent augmentation of “flat” en-GAL4-dependent ex-
pression (Figure 3K). Together, these results provide
evidence that ring-specific EGFR responses and delami-
nation pulses do not require secreted Spi to be localized,
oscillatory, or graded across the whorl.
chordotonal organ precursors (E) but in en-GAL4; UAS-rhomboid-1
embryos, extensive but patchy expression is present throughout
Figure 3. Constitutive Rhomboid-1 or Secreted Spi Produces up to the En stripe (F).
Eight Delamination Cycles (G and H) en-GAL4; UAS-rhomboid-1 embryos upregulate Sal but
(A and B) Lateral confocal views of GFP fluorescence from 3–4 retain Yan within the dorsal subset of the En stripe (dotted line
hemisegments of stage 16 embryos carrying en-GAL4 UAS-nlsGFP marks limit). Within this domain, Yan is most strongly downregulated
(A) or en-GAL4 UAS-nlsGFP; UAS-rho1 (B). Prolonged Rhomboid-1 in inner-ring cells.
overproduces oenocytes (dotted outlines) at the expense of epider- (I) At stage 10, en-GAL4; UAS-Nintra embryos lack an Ato-positive
mal cells from the dorsal region of the En stripe (dashed outline C1 cell and do not produce oenocytes. Dotted circle indicates ap-
in [A]). proximate position C1 would normally occupy.
(C) Time course of delamination in en-GAL4 UAS-nlsGFP; UAS- (J) Stage 11 whorl from en-GAL4; UAS-rhomboid-1/UAS-Nintra em-
rhomboid-1 embryos indicating that pulsatile segregation of ring-1 bryo, indicating induction of svplacZ -positive precursors.
and ring-2 is not disrupted but at least one extra ring (ring-3) is (K) Graph showing frequency distribution of numbers of oenocytes
produced (two whorls shown). per cluster in wild-type, en-GAL4; UAS-rhomboid-1, en-GAL4; UAS-
(D) Stage 11 projected snapshots from en-GAL4 UAS-nlsGFP; UAS- rhomboid-1/UAS-Nintra, en-GAL4; UAS-sSpi, en-GAL4; ato1 UAS-
rhomboid-1 movie showing double-ring whorl organization similar rhomboid-1/Df(3R)p13 embryos at stage 16. Wild-type plots (n 
to wild-type. 103 clusters) show a single peak centered at 6, whereas the other
(E and F) Early-stage 11 expression of argos mRNA. Wild-type ex- genotypes display frequency peaks at multiples of three. Above 21
pression is confined to groups of cells surrounding C1 and other oenocytes per cluster, peak spacing becomes less regular.
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Constitutive Notch Activation Does Not Inhibit Together with the previous analyses of EGFR target ex-
Pulsatile Delamination pression in wild-type and UAS-rho1 embryos, these re-
We next examined the contribution of a known antago- sults strongly suggest that pulses depend upon a high-
nist of Drosophila EGFR signaling and a key component threshold EGFR response being confined to the inner
of the vertebrate segmentation clock, the Notch (N) ring.
pathway. Expressing the intracellular domain of N (Nintra),
which provides constitutive signaling (Fortini et al., 1993;
Struhl et al., 1993), in a strong and widespread manner argos and yan Are Required
with en-GAL4 blocks C1 formation before the Ato-posi- for Delamination Pulses
tive stage, thus suppressing the induction of all oeno- Next, we tested the functions of Yan and Argos, two
cytes (Figure 3I and data not shown). Nevertheless, inhibitors that are known to tune down low-level EGFR
when secreted Spi is resupplied to this genetic back- signaling. Both have expression patterns consistent
ground via the addition of UAS-rhomboid-1, appropri- with the idea that they may attenuate the EGFR response
ately spaced oenocyte frequency peaks and normal pre- of the outer ring relative to that of the inner ring. Mutants
cursor whorl morphology is rescued (Figures 3J and 3K). lacking yan or argos activity produce oenocyte fre-
Thus, pulsatile delamination can be generated in the quency graphs completely lacking three-by-three peaks
apparent absence of oscillating N activation. (Figure 4B), demonstrating that both genes are required
for delamination pulses. Underlying the argos defect,
mutant whorls at early stage 11 lack a clear double-ring
Release from Notch Inhibition Initiates organization, contain more sickle-shaped precursors
Oenocyte Induction than normal, and ectopically express detectable acti-
Although Notch signaling does not appear to underlie vated Rolled/ERK in a graded pattern over about 4 cell
the cyclic mechanism, we find that it does specify the diameters (Figure 5A). Thus, although argos mRNA ex-
time of onset of induction. A Notch-GAL4-VP16 assay pression is normally restricted to ring-1 at early stage
(Struhl and Adachi, 1998) indicates that there is a stage 11, it is required to inhibit Rolled activation in ring-2. To
10 to 11 transition from high to low levels of N activity assess whether the absence of argos expression from
within the dorsal ectoderm (data not shown). A combina- the outer ring might be essential for pulses, UAS-argos
tion of loss-of-function mutations and constitutively ac-
was expressed with en-GAL4. This transgene combina-
tive and dominant-negative proteins was used to show
tion provides sufficient extra Argos activity to block the
that Notch activation within the dorsal ectoderm antago-
wild-type oenocyte frequency peak and also all of the
nizes the EGFR response during stage 10 (Supplemental
multiple peaks produced by UAS-rhomboid-1 expres-Results and Supplemental Figure S1). In brief, although
sion (Figure 4B). Nevertheless, a robust peak at threeC1 secretes Spi at stage 10, induction is blocked by
rather than six oenocytes per cluster remains and, asDelta-Notch inhibition of Pointed P1 activity. These
all Hnt-positive ring-2 cells fail to form, this must deriveNotch experiments also underscore the permissive role
from ring-1 precursors (Figure 5B). This ring-specificof Spi ligand, the availability of which neither regulates
UAS-argos inhibition is not significantly suppressed bythe timing of onset nor the cyclical nature of oenocyte
UAS-rhomboid-1, indicating that it is not simply duedelamination.
to local and graded Spi-ligand from C1. Instead, cells
occupying the inner-ring position appear to be less sen-
sitive to Argos inhibition than their neighbors.Activated Forms of the EGFR or Ras1 Block
To explore further Argos function in regulating thePulses of Delamination
timing of induction and delamination, we made argosWhen an activated form of the EGFR (EGFRACT; Queenan
mutant movies (Figure 5C and Supplemental Movie S3).et al., 1997) is driven by en-GAL4 throughout the whorl,
These reveal that sickle-shape changes within the ab-only a minor suppression of the three-by-three peaks
normally enlarged whorl take place over about 10 min,obtained with Rhomboid-1 is observed (Figure 4A). How-
similar to wild-type. Following this, there is a reducedever, as the continued presence of regulated signaling
pause phase of 25 min before delamination commences.via the endogenous EGFR might mask the full effects of
Importantly, three-by-three pulses are absent and cellsEGFRACT, the experiment was repeated in a background
initially located 2–3 cell diameters away from C1 oftenlacking one functional copy of the EGFR gene. This time,
“queue jump,” delaminating before those that were origi-a dramatic suppression of all peaks at multiples of three
nally closest. Hence, there is no clear positive correlationoenocytes per cluster was observed (Figure 4A). UAS-
between initial precursor distance from C1 and relativeEGFRACT was also expressed in an abdominal-A back-
delamination time, nor is there clustering into discreteground, where Spi secretion from C1 is eliminated spe-
subpopulations (Figure 5D). As an average of 15.1 oeno-cifically during stage 11 (Brodu et al., 2002), and again
cytes per cluster (n  76 clusters) are produced overall three-by-three peaks were suppressed (Figure 4A).
130 min, the average overall delamination rate is aboutConsistent with these EGFRACT results, activation of
9 min per cell, about 2.5 times faster than wild-type.Ras1 via the Ras1V12 mutation (Karim and Rubin, 1998)
This increase is largely accounted for by the absencealso disrupts the normal interpeak spacing of three (Fig-
of normal 45 min pause phases as the time betweenure 4B). Hence, unlike Spi, constitutive activation of the
successive delamination events, averaged for the firstEGFR or its downstream signal transduction cascade
throughout the whorl abolishes normal pulse generation. six cells, is 7 min (n  24), similar to the wild-type value
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Figure 4. Constitutive EGFR Activation or ar-
gos Expression Abolishes Pulses
(A) en-GAL4 driving UAS-EGFRACT produces
multimodal peaks retaining some three-by-
three spacing but exhibiting abnormally high
minima. These residual peaks are completely
suppressed when en-GAL4 drives UAS-
EGFRACT in an Egfrf2 heterozygous or abdAM1
homozygous background. For comparison,
the en-GAL4; UAS-rhomboid-1 multimodal
distribution with major peaks at 15, 18, and
21 is shown (dotted).
(B) Delocalized activation of the EGFR re-
sponse in en-GAL4; UAS-ras1ACT, argos7, or
yan1 embryos overproduces oenocytes but
abolishes three-by-three peaks. Inhibition of
EGFR signaling in en-GAL4;UAS-argosor en-
GAL4;UAS-argos/UAS-rhomboid-1 embryos
produces ectopic peaks at 3–4 oenocytes per
cluster. For comparison, the wild-type (dot-
ted) and the multimodal sal-GAL4; UAS-
rhomboid-1 distributions with peaks at 12,
15, 18, and 21 oenocytes per cluster are
shown.
of 7.5 min. The movies and oenocyte counts both dem- Discussion
onstrate that argos is required for delamination to pro-
gress in an orderly and pulsatile manner. In combination Using real-time analysis, we have shown that the devel-
oping Drosophila embryo can generate pulsatile cell be-with the expression analysis, these studies also show
that at least one function of Argos secretion by ring-1 havior that is distinct from the cell cycle. We find that,
rather than delaminating from the ectoderm in a continu-is to tune down the EGFR response remotely, in ring-2,
thus delaying its delamination—a key event in pulse gen- ous stream, oenocyte precursors segregate in discrete
well-separated bursts of three cells. We used geneticeration.
backgrounds affecting the pattern of cell segregation
but not early fate specification to show how these pulsesNonpulsatile Delamination Is Associated
with Defective Oenocyte Differentiation are regulated by EGFR signaling. We now discuss the
signaling parameters regulating the time of onset, timeFinally, we examined whether disrupting the periodicity
of delamination has any later effect on oenocyte differ- of cessation, and in particular, the cyclical nature of
cell delamination.entiation, using Vvl and svplacZ as early and late markers
and P450A as a specific late marker (Figure 6A). As a
control, Rhomboid-1 was misexpressed, producing gi- Delamination Cycles Start when Notch Inhibition
Is Lifted and Stop when Spi Ligandant oenocyte clusters that are composed entirely of fully
differentiated P450A-positive cells by stage 16 (Figure Becomes Limiting
Spi secretion begins during stage 10, triggering weak6B). Although loss of argos function or expression of
constitutively active Ras1 also result in excess oeno- activated Rolled/ERK but not the first morphological
readout for oenocyte induction, the sickle-shape change,cytes, a subset of vvl- and svplacZ-expressing cells in
both backgrounds fail to become P450A positive by until 1 hr later. This early inhibition of EGFR induction
occurs upstream of Pointed P1 and requires Delta-stage 16 (Figures 6C and 6D). Hence, a block or delay
in the late stages of oenocyte differentiation correlates dependent Notch signaling. Although the supply of Spi
ligand is not rate limiting for initiating induction, it doeswith genetic backgrounds lacking normal delamina-
tion pulses. specify the final number of delamination pulses. In turn,
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Figure 6. Loss of Pulses Correlates with Disrupted Late Oenocyte
Differentiation
All panels show a single oenocyte cluster at stage 16 labeled with
anti-P450A, a marker for late differentiation.
(A) Wild-type cluster of six oenocytes, all expressing P450A.
(B) en-GAL4; UAS-rhomboid-1 cluster containing more than 20 oe-Figure 5. Argos Selectively Inhibits the Outer Ring EGFR Response
nocytes, all expressing P450A.and Is Required for Pulse Generation
(C) argos7 cluster of 14 Vvl-positive oenocytes contains two cells(A) argos7 homozygotes display disorganized Sal-positive whorls.
that only express low levels of P450A and four cells that lack detect-At early stage 11, whorls lack the normal double-ring organization
able P450A.and strong dpERK staining is expanded to 3–4 cell diameters from
(D) en-GAL4; UAS-ras1V!2 cluster of 12 oenocytes. Note that twothe center (compare with Figure 1B).
cells fail to express P450A but retain expression of the early and(B) Late stage 11 enGAL4;UAS-argoswhorls contain no Hnt-positive
late marker svplacZ.precursors, indicating that ring-2 is not specified (compare with
Figure 2B).
(C) Projected 3D snapshots from movies of stage 11 en-GAL4 UAS-
nlsGFP; argos7 embryos. Three oenocyte precursors initially closest Spi Ligand Plays a Permissive Role
to C1 (yellow dots) and several other sickle-shaped precursors in Generating Pulses
(white dots and crosses) are marked.
The sequence of events during wild-type oenocyte in-(D) Graph of distance from the signaling center (m) versus relative
duction and delamination was identified using time-delamination time (%) for four independent argos7 clusters showing
lapse movies. EGFR signaling initially induces all sixabsence of pulses (compare with Figure 1E).
precursors within a whorl to adopt a sickle-shape
change within 10 min. There then follow two completethis depends upon the duration of Rhomboid-1 expres-
cycles of pulsatile delamination. Each 1 hr cycle com-sion by the C1 lineage, which is regulated by the Hox
prises a 45 min pause, during which time no precursorsprotein Abdominal-A (Brodu et al., 2002). In this regard,
leave the ectoderm, followed by a 15 min delaminationit is interesting that oenocyte number is higher than
phase, where three cells segregate rapidly, at 7.5 minsix in many other winged insects. For example, in the
intervals. Each cycle is reset when the inner-ring tripletparasitic waspPhaenoserphus viator, oenocyte clusters
delaminates and migrates away from the whorl site,of “about 20 cells” have been reported (Eastham, 1929),
allowing the remaining outer-ring cells to move into thetempting speculation that this species may undergo
seven rather than two delamination pulses. inner position before they too delaminate.
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The mechanism involved in pulse generation was re- next triplet. In addition, Argos may play a more subtle
vealed, at least in part, by testing the roles of several autocrine role in ring-1, as loss of function not only
different EGFR-signaling parameters. Surprisingly, al- eliminates a second 45 min pause phase completely but
though Spi ligand is essential for oenocyte induction also partially reduces the first pause to 25 min.
and delamination, it plays only a permissive role in pulse Together, the real-time cell tracking, the expression
generation. Thus, overexpression of Rhomboid-1 or se- analysis of the EGFR response, and the oenocyte counts
creted Spi in a widespread or prolonged manner does in EGFR pathway altered backgrounds are consistent
not suppress pulses of delamination nor alter their initial with the notion that pulses require at least some compo-
frequency, but it does produce up to six additional cy- nents of the high-threshold EGFR response to be more
cles. This leads to three main conclusions. First, al- strongly expressed by inner- than outer-ring cells. It thus
though only two pulses normally occur, the underlying follows that one critical molecular transition underlying
mechanism is cyclical and has the potential to generate pulse generation occurs after each round of delamina-
many more. Second, neither the frequency nor the num- tion, when cells of the outer triplet move centrally and
ber of cells per cycle are altered by increasing Spi-ligand upregulate a subset of EGFR-target genes (Figure 7).
levels. And third, pulses do not need Spi secretion to
be pulsatile or even restricted to its normal source, C1.
In addition, C1 does not provide any other essential Mechanisms Regulating the Outer-to-Inner-Ring
rhythmic cue, as when it is eliminated, resupplying wide- Transition in EGFR Response
spread Rhomboid-1 can rescue periodic delamination. We found that at least two distinct mechanisms ensure
that strong expression of high-threshold EGFR targets
Pulse Generation Involves Sequential Expression is restricted to the dynamic population of inner-ring
of High-Threshold EGFR Targets cells. The first of these arises from inner-ring cells being
In contrast to constitutive Spi secretion, widespread closer to C1 and therefore exposed to higher levels of
activation of the EGFR or its downstream effector, Ras1, secreted Spi. Hence, when Spi ligand is widely overex-
disrupts delamination pulses. Loss of rhythmicity is also pressed, high-threshold EGFR readouts such as detect-
observed when the EGFR pathway is deregulated by able activated Rolled/ERK and argos expand ectopically
removing the Yan or Argos inhibitors. Together, these into the outer ring.
functional data demonstrate that the spatiotemporal A second mechanism that is not dependent on local-
pattern and/or the levels of EGFR activation and down- ized Spi-ligand secretion also enhances the inner-ring
stream signal transduction are critical for pulse genera- EGFR response. This was initially revealed in four differ-
tion. For Ras1 overactivation or argos inactivation, we ent genetic backgrounds where Spi secretion is delocal-
also showed that some oenocytes fail to switch on a ized yet pulses remain. In UAS-rho1 embryos, real-time
late differentiation marker at the appropriate time. Thus, and EGFR-target analyses showed that, despite Spi se-
one function of pulses may be to ensure cell-to-cell cretion throughout the En stripe, oenocyte delamination
consistency in the duration or level of the oenocyte and the full repertoire of inner-ring markers, including
EGFR response, in turn promoting homogeneous cell
strong svplacZ expression and Yan downregulation, re-
differentiation.
main confined to the inner ring. We were unable, how-
Using a panel of markers for double- and single-ring
ever, to detect such a clear and consistent inner-versus-
stages, we were able to place gene expression “snap-
outer difference in levels with activated Rolled/ERK andshots” in temporal order with the cell movements re-
argos expression, either reflecting technical limitationscorded in movies. Three generic EGFR targets (activated
or indicating that some high-threshold EGFR targetsRolled/ERK, Yan, and argos) and three oenocyte-spe-
remain more tightly restricted than others. Nevertheless,cific EGFR targets (Sal, svplacZ, and svplacZ18) were ana-
these studies provide evidence that, when exposed tolyzed. In wild-type embryos, the high-threshold EGFR
the same Spi ligand concentration, inner-ring precursorsoutputs of argos and svplacZ expression, detectable
express some components of the oenocyte EGFR re-Rolled activation, and strong Yan downregulation are
sponse more strongly than their neighbors. One molecu-all inner ring specific, whereas lower-threshold outputs
lar explanation for this bias is revealed by the reducedsuch as Sal upregulation and svplacZ18 expression are
sensitivity of inner-ring cells to the delamination-present in both precursor rings. Delamination itself also
blocking effects of argos overexpression. Thus, the ar-appears to be a high-threshold EGFR response and is
gos sensitivity difference may account for why pulsesthus confined to the inner ring.
remain in UAS-rho1 embryos. In wild-type embryos,argos is a particularly interesting high-threshold tar-
both this mechanism and graded Spi ligand would beget, as its expression is normally confined to the inner
expected to contribute to promoting robust pulses. Wering but its activity is required in the outer ring to tune
emphasize that we do not yet understand the basis fordown the EGFR response, as measured by Rolled acti-
differential argos sensitivity but think it likely that it isvation. This remote inhibitor role is consistent with sev-
initiated independently of EGFR signaling. In addition,eral previous studies, and our real-time analysis shows
the parameters regulating whorl geometry and thus set-that it promotes oenocyte pulses by preventing prema-
ting the size of delamination quanta to three cells remainture outer-ring delamination. During wild-type em-
unclear. In this regard, it is intriguing that among all thebryogenesis, such negative feedback would be tran-
EGFR pathway components tested, only activated Ras1siently downregulated each time the inner-ring source
produced oenocyte counts suggestive of an alteredof Argos is physically removed via delamination, thus
facilitating upregulation of the EGFR response in the quantal size, in this case two cells (Figure 4B).
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Figure 7. Regulation of Delamination Pulses
by Argos and Rhomboid-1
Three developmental time lines depict the se-
quence of events in wild-type, UAS-rhom-
boid-1 (UAS-rho1), and argos embryos. The
length of each cell phase (in min) and the
temporal patterns of Dl-N inhibition of Pointed
P1 activity and the Atonal- and Abdominal-
A-dependent periods of Spi secretion are
shown. Colored trapezoids above the time
lines indicate the duration of the high-thresh-
old oenocyte EGFR response (EGFR*) for
each precursor ring or, in the case of argos
mutants, for all precursors. Lower-level EGFR
responses are not shown. In wild-type em-
bryos, the arrangement of ring-1 (red) and
ring-2 (blue) precursors surrounding C1 (filled
green when secreting Spi) is shown. In argos
mutants, there is one continuous delamina-
tion phase and inUAS-rho1 embryos, delami-
nation cycles 3–7 have been omitted for clarity.
described (Brodu et al., 2002) with the following additions: anti-Generating Rhythmic Cell Behaviors Using
P450A (Sundseth et al., 1989) at 1:1000, anti-HNT (DSHB) at 1:20,Intercellular Signaling
and anti-Yan (Rebay and Rubin, 1995) at 1:250. Anti-dpERK (Sigma)The EGFR-dependent pulse generator drives rhythmic
was used at 1:50 on embryos fixed 20 min in 8% formaldehyde. In
clearance of cells from their induction site, one solution situ hybridization was essentially as described (Brodu et al., 2002)
to the problem of how to induce a large number of cells or using TRITC tyramide signal amplification. For each genotype,
using a point source of short-range signal. Coupling the number of oenocytes per cluster was determined from stage 16
embryos using a 63 objective with n 	 26 clusters and each dataintercellular signaling to cell movement in this way also
point represented by 	5 clusters except for ato1/Df(3R)p13, yan1,allows the generation of multiple output cycles, even
and abdAM1; UAS-EGFRACT where n 	 15 clusters and each datathough individual cells experience only one intracellular
point is represented by 1–6 clusters.cycle of EGFR activation. This contrasts with the verte-
brate segmentation clock, where cells undergo multiple
intracellular oscillations of gene expression, in this case 4D Confocal Microscopy
involving Notch signaling. One aspect that is shared with Embryos expressing UAS-nls-GFP under en-GAL4 control were col-
lected overnight at 18C or for 6 hr at 25C, dechorionated, staged,many oscillating systems, including the segmentation
and then individually orientated and glued to a coverslip. These wereclock, is the essential contribution of negative feedback,
mounted in halocarbon oil (Voltalef 10S) in an oxygen permeablewhich in the oenocyte context is mediated by Argos.
chamber. Images were collected from stage 10–12 embryos at 21CThe relative simplicity of the oenocyte oscillator may
on a Leica TCS SP confocal microscope with a 40 objective using
prove particularly amenable for constructing and testing the Leica TCS NT software. Two accumulations of 10–12 sections
future mathematical models of intercellular signaling spaced by 1–1.5 m were recorded every 2 min and at least four
rhythms. Similar real-time analyses of other inductive independent movies made for each genotype. TIFF images were
processed into 3D and 4D with Volocity (Improvision), labeled inprocesses, especially those of a reiterative nature,
Photoshop 7 (Adobe) and movies assembled using ImageReady 7should clarify whether pulsatile cell behaviors are com-
(Adobe). For each labeled precursor, initial distance from the centermonly associated with EGFR and other intercellular sig-
of the whorl (in m) and the time of delamination (in min) were re-naling pathways.
corded.
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